everal investigators have reported that increases in afterload or systolic pressure will prolong the rate of isovolumic left ventricular (LV) pressure decline (Tau). [1] [2] [3] In contrast, the relaxation rate has also been reported to be accelerated when afterload or systolic pressure increase. 4, 5 Zile et al noted the time during contraction that load is changed. 6 Loads applied early in contraction (within the first two-thirds of the ejection time) generally prolong Tau, whereas loads applied late in contraction (during the late one-third of the ejection time) generally cause Tau to be shortened. Hori et al also demonstrated that Tau is variably affected by the timing of peak LV pressure and the timing of end ejection. 3, 7 Thus Tau is affected by the magnitude of the change in load and the time during contraction in which the load is changed. Moreover, several investigators reported that increased heart rate (HR) is a factor that shortens Tau. 4, [8] [9] [10] Starling et al demonstrated that Tau is unaffected by modest alterations in loading conditions in humans when HR is maintained constant. 5 This present investigation was therefore designed to determine the effect of changes in loading patterns or blood pressure on LV relaxation when HR was maintained constant. We noted not only magnitude of the change in systolic blood pressure or time during contraction in which the load is changed, but also the contour of the systolic pressure wave. We assessed the loading pattern as the ascending aortic augmentation index (AI), [11] [12] [13] which is defined as the ratio of the height of the late systolic shoulder/peak to that of the early systolic shoulder/peak in the pulse. 14 The AI is an indicator of the vascular load, 11, 13, 15 the vascular characteristic, [11] [12] [13] and the left ventricular afterload. 12, 15 Moreover the AI characterizes the contour of the ascending aortic systolic pressure wave.
Methods

Patients
Twenty patients (18 men and 2 women) who underwent diagnostic cardiac catheterization were studied. Their ages ranged from 24 to 76 years old with a mean age of 55±14 (1 standard deviation). Ten patients had myocardial infarction, 4 had angina pectoris, 3 had myocarditis, and 3 had chest pain syndrome without organic cardiac abnormalities. All procedures were approved by the Ethics Committee of Tokyo Medical College Hospital. Informed consent was obtained from all patients.
Study Protocol
Left ventricular and ascending aortic pressure were measured by a micro tip catheter (SVPC684D, Millar Instruments, Houston, USA); both were recorded simultaneously on an FM tape recorder (XR-30, TEAC Co, Tokyo, Japan). Waves were analyzed by a signal processor (Sanei 7T18A, Nippon Electric Co, Tokyo, Japan). Cardiac output was measured using a Swan-Ganz catheter and the thermodilution method. In addition, a bipolar pacing catheter was placed in the right atrium to maintain a constant HR throughout the protocol. Measurements were carried out in the baseline condition and when the systolic pressure increased by about 25% after intravenous injection of 2.5 g angiotensin. After the systolic blood pressure returned to control levels, 0.3 mg sublingual nitroglycerin was administered and measurements were made 5 min later (Fig 1) .
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This clinical investigation was designed to determine the effect of changes in loading patterns on left ventricular (LV) relaxation when heart rate was maintained constant. Not only were changes noted in total load or time in which load is changed, but also the contour of the ascending aortic systolic pressure wave. Twenty patients were studied. LV and ascending aortic pressure were measured by a multisensor catheter under baseline conditions (C) and after an intravenous injection of 2.5 g angiotensin (A) and sublingual administration of 0.3 mg nitroglycerin (N). A bipolar pacing catheter was placed in the right atrium to maintain a constant heart rate throughout the protocol. The augmentation index (AI), which characterizes the contour of the ascending aortic systolic pressure wave, was defined as the ratio of the height of the late systolic shoulder/peak to that of the early systolic shoulder/peak in the pulse. The rate of isovolumic LV pressure decline was calculated as a time constant (Tau). Ascending aortic systolic pressures (mmHg) were 127±29 (C), 158±20 (A) and 109±15 (N). AI were 1.61±1.14 (C), 2.08±1.11 (A) and 1.27±1.14 (N). Tau values (msec) were 49±4 (C), 54±4 (A) and 45±5 (N). 
The Timing of the Onset and the Time Constant of Isovolumic LV Relaxation
The times from the onset of the R wave on electrocardiogram to minimal dP/dt (TPo), which is very close to the time of the onset of isovolumic relaxation or end of ejection, 16 were obtained from the pressure data. The time constant (Tau) of isovolumic LV pressure decay from minimal dP/dt to 10 mmHg above LV end-diastolic pressure of the following beat was calculated from the following equation, P(t) = P0 exp -t/Tau where P(t) is the left ventricular pressure at any time ( t ), P0 is the initial left ventricular pressure during isovolumic relaxation, and exp is the base of the natural logarithm. 17 Tau values were obtained from the least-squares method.
Indices of Loading Patterns
Three indices that characterize the loading patterns were determined as follows.
The Time of End Ejection (TPo): The time from the onset of the R wave on electrocardiogram to minimal dP/dt (TPo), which is assumed to be the time of end ejection, was obtained from the pressure data.
The Time of Peak LV Pressure (TPmax): The time from the onset of the R wave on electrocardiogram to peak LV pressure (TPmax) was obtained from the pressure data.
AI: The AI is defined as the ratio of the height of the late systolic shoulder/peak to that of the early systolic shoulder/peak in the pulse (Fig 2) . 14 
Statistical Analysis
All data were expressed as mean± 1SD. Comparisons with the control state were made using ANOVA with Fisher's protected least significant difference analysis. A p value less than 0.05 was considered significant difference. Correlation coefficients were computed based on leastsquares linear regression analysis.
Results
Hemodynamics
The mean hemodynamic data for the baseline, angiotensin, and nitroglycerin conditions are shown in Table 1 . The mean heart rates during the three loading conditions were similar because of right atrial pacing. In contrast, both the mean ascending aortic systolic pressure and ascending aortic diastolic pressure increased by 25% and 22% during the infusion of angiotensin (p<0.01 for both) and decreased by 14% and 4% during the sublingual administration of nitroglycerin (p<0.01 for both) compared with baseline condition. The mean LV end diastolic pressure increased by 53% during the infusion of angiotensin (p<0.01) and decreased by 33% during the sublingual administration of nitroglycerin (p<0.01) compared with baseline condition. The mean stroke volume index values were not significantly affected by these permutations in loading conditions.
Changes in the AI, TPmax, TPo and Tau
The mean values of the AI, TPmax, TPo and Tau for the The augmentation index (AI) was defined as the ratio of the height of the late systolic shoulder/peak to that of the early systolic shoulder/peak in the pulse. P1, the height of the early systolic shoulder/peak in the pulse; P2, the height of the late systolic shoulder/peak in the pulse; AoP, ascending aortic pressure; LVP, left ventricular pressure; LVdP/dt, the first deviative of LVP; ECG, electrocardiogram; TPmax, the times from onset of the R wave on electrocardiogram to peak LV pressure; TPo, the times from onset of the R wave on electrocardiogram to minimal dP/dt. baseline, angiotensin, and nitroglycerin conditions are shown in Table 2 . The mean values of the AI increased during infusion of angiotensin (p<0.01) and decreased during the sublingual administration of nitroglycerin (p<0.01) compared with the baseline condition. Both the mean TPmax and TPo were delayed during infusion of angiotensin (p<0.01 for both) and accelerated during the sublingual administration of nitroglycerin (p<0.01 for both) compared with the baseline condition. Tau was prolonged during infusion of angiotensin (p<0.01) and shortened during the sublingual administration of nitroglycerin (p<0.01) compared with the baseline condition. The AI increased proportionally with ascending aortic systolic pressure (p<0.001, r=0.67) (Fig 3) . However, neither TPmax nor TPo correlated with ascending aortic systolic pressure. Tau was prolonged proportionally with the delay in TPmax (p<0.001, r=0.50), TPo (p<0.001, r=0.57), and increasing ascending aortic AI (p<0.001, r=0.64) (Figs 4, 5, 6 ). Tau, however, did not directly correlate with ascending aortic systolic pressure.
Discussion
Heart Rate and LV Relaxation An increased HR has been reported to accelerate the rate of isovolumic LV pressure decline, not only in animal experiments 4, 8 but also in clinical investigations. 9, 10 In the present study, the HR was kept constant by right atrial pacing, which made it possible to perform the experiment without any influence of the HR on Tau.
Systolic Pressure and LV Relaxation
Several investigators reported that Tau is prolonged by the increased blood pressure during methoxamine treatment 2 and by the abrupt occlusion of the descending thoracic aorta. 1 However, other investigators reported that Tau is accelerated by the increased blood pressure caused by norepinephrine 4 and dobutamine treatment. 5 This inverse relation may be based on changes in the loading pattern or the contour of the ascending aortic systolic pressure wave. In the ascending aortic systolic pressure wave, an inflection point (anacrotic notch) corresponds to the peak of ejection flow velocity from LV. 13 The pressure wave up to this point is categorized as an early systolic component, which is mainly caused by LV ejection, and the pressure wave after this point is a late systolic component, which is mainly caused by the peripheral reflection wave (Fig 2) . Methoxamine treatment and the abrupt occlusion of the descending thoracic aorta increase the reflection wave, which leads to an increase in the late systolic component of ascending aortic systolic pressure, whereas norepinephrine and dobutamine treatment increase LV ejection, which leads to an increase in early systolic component of ascending aortic systolic pressure.
Loading Patterns and LV Relaxation
Hori et al clamped the ascending or descending aorta of anesthetized thoracotomized dogs, and observed changes in LV relaxation by increasing the early peak and late peak systolic pressure. 3 They reported that the increase in early peak systolic pressure resulted in the prolonged onset of the LV isovolumic relaxation period and a slightly prolonged Tau, whereas an increase in late peak systolic pressure resulted in earlier onset of the LV isovolumic relaxation period and a remarkably prolonged Tau. They indicated that the loading sequence was an important factor that affects LV relaxation, because two different loads caused different levels of change in Tau.
Therefore, it has been confirmed that an increase in late peak systolic pressure results in the earlier onset of the LV isovolumic period and a prolonged Tau. In our present clinical study, 18 an increase in late peak systolic pressure, described as an increase in the AI, caused a delay in onset and a prolongation of Tau. These results, showing that Tau was prolonged by an increase in late peak systolic pressure, were similar to those in the animal experiment of Hori et al. 3 However, in contrast to that study, the onset of the LV isovolumic period due to increased late peak systolic pressure was prolonged. It has already been reported by Lewis et al that the influence of afterload on ejection time differs between clinical observation and animal experiments. 19 If the ventricular properties are constant, the timing of end ejection should be accelerated by an increase of systolic pressure, as in the results obtained in animal experiments. The timing of end ejection, however, is prolonged in the clinical setting. This may be because some kind of compensation mechanism, such as hypertrophy caused by chronic load, is generated in human cardiac muscle, resulting in prolongation of the ejection time.
Relation Between AI and LV Relaxation
The AI in pulse pressure represents the percentage of the late systolic component to the early systolic component, or the percentage of peripheral reflection wave to ejection pressure wave (Fig 2) . In the present study, the AI increased with the elevated pressure due to peripheral vasoconstriction caused by angiotensin, and it decreased with the decrease in blood pressure due to peripheral vasodilation caused by nitroglycerin. There was no relationship between systolic pressure and Tau, but a relationship was recognized between the AI and Tau. This indicates that clinically LV relaxation is possibly influenced not merely by changes in total systolic pressure but also by a pressure change mainly in the late systolic component. The AI value increases with acceleration of the reflection wave, which is caused by organic arterial wall stiffness (mainly due to arterial sclerosis) and mechanical tension of the vascular wall, (mainly due to intravascular pressure). It generally increases with age. 11, 12 Some reports state that LV relaxation indices, such as LV diastolic flow velocity waveforms, become disturbed with aging. 20, 21 In such cases, LV relaxation may be chronically affected by changes in afterload mainly composed of reflective waves.
Defining Factors in LV Relaxation Properties
Our present study suggested that LV relaxation is influenced by prolonged TPmax and TPo caused by afterload changes, mainly consisting of reflection waves, and by changes in blood pressure increase patterns such as increases in the AI. Hori et al reported in other experiments with canine cardiac muscle that the time of end ejection (TPo) is related to the properties of LV relaxation, and that the more TPo is prolonged, the more Tau is shortened. 7 However, our results concerning the TPo-Tau relationship contradict those of Hori et al: 7 the more TPo is prolonged, the more Tau is prolonged. Therefore, the time of end ejection is, clinically, not likely to be the main factor that defines the properties of LV relaxation. On the other hand, our results indicating that a prolonged Tau is related to the delay in the timing of maximum late systolic pressure were consistent with those of Hori et al. 3 Increased pressure, mainly composed of the late systolic component, is associated with prolonged TPmax and increased AI, and this prolongs Tau. How can this result be explained? According to the concept of shortening deactivation, 22 an increase in the end-systolic volume results from increased late systolic pressure; that is, prolonged shortening of the cardiac muscle may cause the prolonged relaxation rate. On the other hand, the shortening of the cardiac muscle itself has an influence over calcium sensitivity for troponin C. 23 Late systolic load on the cardiac muscle may affect the cardiac muscle shortening process, which leads to a change in calcium kinetics that prolongs the relaxation rate. Further investigations are needed to confirm this.
Limitations of the Study
The present study included patients with ischemic heart disease and myocarditis. In such cases, the time constants of isovolumic relaxation may be affected by ischemia 4, 24 and the nonuniformity of relaxation 25 produced by altered loading conditions. However, 3 cases of chest pain syndrome, considered to have almost normal left ventricles, showed load dependence of the rate of isovolumic LV relaxation. In the present study, both nitroglycerin and angiotensin had effects on LV end-diastolic pressure as well as LV systolic pressure. These agents, therefore, may not be pure methods for altering late systolic pressure changes.
Conclusions
An increase in systolic blood pressure caused by vasoconstriction prolonged the onset and the rate of isovolumic LV pressure decline, whereas a decrease in the systolic blood pressure caused by vasodilation shortened the onset and the rate of isovolumic LV pressure decline. We conclude that late systolic pressure augmentation in the ascending aorta is one important factor that influences the rate of isovolumic LV pressure decline in humans. Aging causes sclerosis of the arterial wall and increases the reflection wave, which leads to an increase in the late systolic component of systolic pressure. In such cases, LV relaxation may be chronically affected by changes in afterload, mainly composed of reflective waves.
